Cell-Cell Contact Preserves Cell Viability via Plakoglobin by Wei, Qi et al.
Cell-Cell Contact Preserves Cell Viability via Plakoglobin
Qi Wei, Venkatesh Hariharan, Hayden Huang*
Department of Biomedical Engineering, Columbia University, New York, New York, United States of America
Abstract
Control over cell viability is a fundamental property underlying numerous physiological processes. Cell spreading on a
substrate was previously demonstrated to be a major factor in determining the viability of individual cells. In multicellular
organisms, cell-cell contact is likely to play a significant role in regulating cell vitality, but its function is easily masked by cell-
substrate interactions, thus remains incompletely characterized. In this study, we show that suspended immortalized human
keratinocyte sheets with persisting intercellular contacts exhibited significant contraction, junctional actin localization, and
reinforcement of cell-cell adhesion strength. Further, cells within these sheets remain viable, in contrast to trypsinized cells
suspended without either cell-cell or cell-substrate contact, which underwent apoptosis at high rates. Suppression of
plakoglobin weakened cell-cell adhesion in cell sheets and suppressed apoptosis in suspended, trypsinized cells. These
results demonstrate that cell-cell contact may be a fundamental control mechanism governing cell viability and that the
junctional protein plakoglobin is a key regulator of this process. Given the near-ubiquity of plakoglobin in multicellular
organisms, these findings could have significant implications for understanding cell adhesion, modeling disease
progression, developing therapeutics and improving the viability of tissue engineering protocols.
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Introduction
Cell-cell interactions, which occur via specialized adhesion
structures in cell junctions, regulate a variety of functions in
multicellular organisms, including differentiation, barrier formation,
tissue function and signal transduction [1,2]. Despite these critical
roles, cell-cell signaling is generally difficult to isolate from cell-
substrate interactions, with the result that the latter has been studied
more extensively. For example, many studies demonstrate that cell
membrane receptors that mediate cell adhesion to the extracellular
matrix (ECM) play a central role in sensing external mechanical
stimuli, such as fluid shear stress, and transduce these signals into
downstream intracellular changes[3,4,5,6,7].One key finding isthat
cell viability is controlled via geometric factors, being dependent on
cell spreading but not contact area per se [8]. Thus, cell-substrate
adhesion is one critical regulator of cell life. Whether adhesion to
other cells is important is the central question of this study.
Recent work has emphasized the multiple critical roles that cell-
cell junctional proteins play in regulating the various facets of
development, life and disease. For example, recent studies in
arrhythmogenic right ventricular cardiomyopathy (ARVC) dem-
onstrate that mutations in desmosomal proteins are thought to
lead to alterations in cardiac and sometimes, dermal tissues. In
particular, nuclear localization of the desmosomal protein
plakoglobin is thought to lead to apoptosis [9], suggesting a role
for junctional proteins in establishing or maintaining cell vitality.
The exact role of cell junctions and the relative impact of cell-
substrate versus cell-cell interactions in preserving cell life remain
unclear. In particular, it is clear that cells can, at least transiently,
remain viable when plated sparsely (maintaining cell-substrate
contact with spreading but having minimal or no cell-cell contact).
However, normal culture conditions typically rely on establishing
cell-cell contact and in fact, some cells are not viable when lacking
cell-cell contact, even when appropriate substrate is plentiful [10].
We hypothesize that cell-cell contact is a fundamental regulator of
cell viability, and based on ARVC-related observations, we propose
that plakoglobinis a keyregulatorof cell-cellbased viability. That is,
when cells are in contact with each other, plakoglobin normally
resides at the junctions. When junctions are disrupted, plakoglobin
is no longer junctional and cell apoptosis will increase. Determining
this has been difficult because regulation of plakoglobin has, up to
date, mostly been studied in adherent cells with protein mutation
models, which maintains cell-substrate interactions and as a result,
may introduce noise into the readouts.
To test our hypothesis, we strategically divided immortalized
human keratinocytes into three treatment groups: (1) control, which
w e r ec e l l sw i t hb o t hc e l l - c e l la n dc ell substrate contacts; (2) dispase-
lifted, which were cells suspended as an intact cell sheet, so that cells
maintained cell-cell contact but lost cell-substrate contact, and (3)
trypsinized, which were cells that were trypsinized and maintained in
suspension dishes as single cells so that the cells had neither cell-cell
nor cell-substrate contact. We characterize dispase-lifted cells that
maintain cell-cell, but not cell-substrate, contact and show that the cell
sheets exhibit contraction, maintain junctional actin, reinforce cell-cell
adhesion, and suppress apoptosis in a plakoglobin-dependent manner.
Results
Loss of cell-substrate and cell-cell contact results in
reorganization of the actin cytoskeleton
Immortalized human keratinocytes were divided into three
treatment groups: control (C), which were confluent cells
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cells that were grown to confluence and then lifted as an intact
cell sheet, so that cells maintained cell-cell contact but lost cell-
substrate contact, and trypsinized (T), which were cells that were
grown to confluence, trypsinized and then maintained in
suspension dishes as single cells so that the cells had neither cell-
cell nor cell-substrate contact.
When performing the dispase-lifting assay, the cell sheets
showed contraction immediately on separation from the substrate,
followed by further contraction one day after separation from the
substrate (Figure 1A). A second day of incubation yielded no
significant further contraction.
When adhering to the substratum, cells generate stress fibers and
adhesion plaques, which allow cells to maintain their spread
morphology. To determine (1) the extent of actin reorganization
duringtrypsinizationordispase lifting and (2)whether dispase lifting
affects cell spreading, control, dispase-lifted and trypsinized cells
were stained for actin immediately after enzyme treatment (i.e., at
zero days). Control cells exhibited cortical localization of actin as
well as stress fibers through the interior of the cells (Figure 1B).
Dispase-lifted cells in the floating sheet exhibited primarily cortical
localization of actin, and displayed clearly smaller in-plane cross-
sectional areas compared to control cells, suggesting that spreading
was reduced on separation from the substrate, consistent with the
contraction observed in the whole cell sheet. Trypsinized cells
exhibited primarily diffuse staining with no consistent localization
of actin within the cell, indicating a nearly complete disruption of
actin organization within the cell. Thus, both dispase-lifting and
trypsinization alters actin distribution within the cell.
Cell-cell adhesion strength increases on loss of
cell-substrate contact
Because dispase-lifted cell sheets maintain actin at cell-cell
junctions, we next assessed whether cell-cell adhesion is affected by
culturing the cell sheets in suspension. To quantify the relative cell-
cell adhesion strength of the dispase-lifted cell sheets, a mechanical
shearing test, adapted from similar protocols [11,12,13,14], was
performed and the amount of time necessary to disrupt the
dispase-lifted cell sheet was recorded, with increased disruption
time indicating increased cell-cell adhesion strength. Cell-cell
adhesion strength increased significantly from day zero to day one
post dispase-lifting, but no further from one to two days post
dispase-lifting. Specifically, shorter disruption times were mea-
sured from day zero sheets (immediately post dispase lifting)
compared to sheets lifted and kept in suspension for one and two
days post dispase-lifting (p,0.01, day zero versus day one;
p,0.05, day zero versus day two, Figure 2A). There was no
significant difference in cell-cell adhesion strength between day
one and day two (p.0.05), suggesting that after loss of cell-
substrate contact, there is fast, but not immediate, reinforcement
of cell-cell adhesion strength.
Next, we confirmed that the change in adhesion strength of the
dispase-lifted cell sheets is independent of post-confluence effects.
Because enhanced cell sheet strength may arise from post-
confluence effects, such as overcrowding, cells grown to confluence
but maintained while attached to the cell culture dish rather than
dispase-lifted, to one day and two days after the typical dispase-
treatment target time, were used in the same shearing test
protocol. There was no difference in post-confluence cell-cell
adhesion if the cells are maintained on a substrate; thus, the
reinforcement is due to loss of cell-substrate adhesion and not post-
confluence factors (Figure 2B, p.0.05).
Because cell sheets are capable of maintaining cohesion to at
least two days after lifting from the substrate, we next examined
the apoptotic rate of cells cultured in suspension, with and without
cell-cell contact, compared to control cells.
Cell-cell contact suppresses apoptosis in the absence of
substrate adhesion
Cells were assayed for apoptosis at three time points:
immediately, one and two days post treatment (C0, C1 and C2
for control cells, D0, D1and D2 for cells in dispase-lifted sheet
and T0, T1, and T2 for trypsinized, suspended single cells,
respectively). Immediately after treatment, the number of
apoptotic cells remains statistically unchanged (Figure 3A, apop-
tosis percentages: 0.65% for control at C0, 1.73% for dispase at
D0, and 3.00% for trypsinization at T0, p.0.05). After one day
post treatment, a significant percentage of trypsinized cells were
apoptotic, whereas controls cells remained overwhelmingly viable
(apoptosis percentages: 1.12% for control at C1, 6.40% for dispase
at D1, and 48.7% for trypsinization at T1, p,0.01, C1 versus T1).
The dispase lifted cells did not exhibit statistically significantly
increased apoptosis at one day (p.0.05, C1 versus D1).
Figure 1. Loss of cell-substrate and cell-cell contact results in
reorganization of actin cytoskeleton. (A) Images of dispase-lifted
cell sheets at zero, one and two days post-dispase lifting, and disrupted
by the mechanical shear test, in 35 mm dishes. (B) Immortalized human
keratinocytes were divided cells into three treatment groups: control
(C), confluent cells that maintained in a cell culture dish, had both cell-
cell and cell-substrate contact; dispase-lifted (D), confluent cells that
lifted as an intact cell sheet, maintained cell-cell contact but lost cell-
substrate contact, and trypsinized (T), cells that trypsinized and
suspended as single cells, had neither cell-cell nor cell-substrate
contact. Representative images of bright field (left panels), actin stain
(middle panels), and actin merged with nucleus stain (right panels) in
untreated control cells (top panels), dispase-lifted cell sheet (middle
panels), and trypsinized cells (bottom panels) show attenuation or loss
of non-junctional stress fibers in the dispase-lifted cell sheet and loss of
actin organization in the trypsinized cells. Further, cells in the dispase-
lifted cell sheet shrunk in the horizontal plane upon release from the
substrate. Green: actin, Blue: nucleus. Scale bar: 10 um.
doi:10.1371/journal.pone.0027064.g001
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trypsinized cells were positive for apoptosis (Figure 3A, apoptosis
percentages: 0.61% for control at C2, 8.17% for dispase at D2,
75.60% for trypsinization at T2, p,0.01, C2 versus T2). Again,
the dispase lifted cells did not exhibit increased apoptosis
compared to controls (p.0.05, C2 versus D2).
To determine whether the apoptosis is caspase-dependent, cells
were treated with a general caspase inhibitor Z-VAD-FMK
(ZVAD). DMSO was used as a vehicle control. Keratinocytes were
grown to full confluency, and then were grouped into three
conditions: controls (C), dispase-lifted (D), and trypsinized (T) of
which dispase-lifted and trypsinized cells were suspended for one
day, with each group consisting of untreated, DMSO-treated and
ZVAD-treated cells. There were no significant differences within
the three treatments of the control and dispase groups. Cells
trypsinized and suspended for one day exhibited increased
apoptosis (Figure 3B, p,0.005 versus control in normal media,
p,0.001 versus control in DMSO-supplemented media). Cells
dosed with ZVAD exhibited increased apoptosis (p,0.05) but with
only a marginal increase in the actual apoptotic rate (from 3.24%
to 15.42%). Compared to trypsinization in normal media or in
DMSO-supplemented media, ZVAD dosing significantly reduced
apoptosis (p,0.01).
The results from trypsinization are consistent with previous
work [8] indicating cells require some form of contact maintain
viability. However, our data demonstrate that cells do not need to
be attached to, or allowed to spread on, a substrate to remain
viable, so long as there is some degree of cell-cell contact. Further,
these data show that apoptosis resulting from loss of contact is
mainly, but not totally, caspase-dependent. Because of previous
data implicating plakoglobin as a key signaling molecule in ARVC
models, we next examined the role of plakoglobin in suppressing
apoptosis in the absence of cell-substrate adhesion.
Plakoglobin translocates to the cytoplasm and nucleus
after loss of cell–cell contact
Plakoglobin is thought to play a major role in various signaling
and structural processes including cardiac and skin cohesion,
tumor metastasis and the Wnt-catenin regulatory pathway. To
examine the localization of plakoglobin in cells in our three
treatment groups (control, dispase-lifted and trypsinized), we
performed immunofluorescence staining immediately upon treat-
ment (zero days) and at 24 hours post treatment (one day). Control
(untreated) cells exhibited primarily junctional localization of
plakoglobin (Figure 4A). Dispase-lifting did not appear to
significantly affect plakoglobin distribution. In contrast, trypsinized
cells clearly exhibited diminished plakoglobin localization at the
cell boundary and increased localization of plakoglobin in the cell
cytoplasm, suggesting loss of junctional plakoglobin.
The percentage of plakoglobin overlapping the nuclei were
quantified from the confocal immunofluorescence images
(Figure 4B, percentages of PG in nuclei: 22.8% for C0, 21.8%
for D0, 24.6% for D1, 19.9% for T0, and 52.1% for T1). There
was substantially more plakoglobin overlapping the nuclei in cells
trypsinized and suspended for one day (p,0.01 for C0 versus T1,
p,0.01 for T0 versus T1). CellTracker Green, a cell-permeant,
nonspecific fluorescent dye, was used to confirm the nuclear
translocation of plakoglobin (Figure S1A). Similar quantification
analysis indicated that there were no significant differences for the
amount of CellTracker Green in nucleus within the five groups
(Figure S1B). Thus, this result demonstrates that plakoglobin, but
not CellTracker Green, translocates to nucleus after loss of cell-cell
contact.
Western blot analysis shows expression level of plakoglobin in
dispase-lifted cell sheets increase significantly from zero to one day
post dispase-lifting, but decreases again from one to two days
(Figure 4C). Increase in plakoglobin expression above baseline
likely correlates to the increase in cell-cell adhesion (Figure 2A),
but apparently a limit is reached so that the decrease in
plakoglobin from days one to two is not significantly associated
with a decrease in cell-cell adhesion.
Suppression of plakoglobin inhibits apoptosis in
trypsinized cells
To determine whether plakoglobin plays a role in the apoptotic
pathway, RNA interference was used to suppress plakoglobin
expression. Immunofluorescence images of plakoglobin knock-
down four days after siRNA transfection demonstrated diminished
plakoglobin expression throughout the cell (Figures 5A and 5B,
p,0.005); transfection with the negative control vector showed no
significant difference (p.0.05). The strength of the cell sheet
Figure 2. Cell-cell adhesion strength increases on loss of cell-
substrate contact. (A) Quantification of the strength of cell sheets
suspended for zero, one or two days post dispase-lifting. Cell-cell
adhesion strength increases significantly from zero to one day, but not
from one to two days post dispase-treatment. The y axis represents
relative time to sheet disruption, i.e. sheet strength, with values
normalized to the time (100%) at zero days. (B) The change in strength
of the suspended cell sheets is independent of post-confluence effects.
*p,0.05 and ** p,0.01 relative to the control at zero days.
doi:10.1371/journal.pone.0027064.g002
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compared to the untransfected control (Figure 5C, p,0.01);
transfection with the negative control vector showed no significant
difference (p.0.05), which correlates well with the changes of
plakoglobin level shown in Figure 5A and 5B.
To determine whether plakoglobin is involved in the apop-
totic pathway, cells were transiently transfected with siRNA
against plakoglobin or a negative control vector. A CMV-driven
plakoglobin vector was used to restore plakoglobin expression.
Western blot analysis (Figure 5D and 5E) four days post
transfection shows a decrease in plakoglobin level with siRNA
transfection and a slight increase in plakoglobin level with
plakoglobin overexpression. Relative plakoglobin level was
normalized to untreated control set as 100%, with 30.7% for
plakoglobin siRNA knockdown (p,0.001). The relative plakoglo-
bin level in the cells transfected with the negative control siRNA
Figure 3. Cell-cell contact suppresses cell death. (A) Percentage of cells undergoing apoptosis analyzed at zero, one and two days post
treatments for cells left as untreated control (C group), treated with dispase and suspended as cell sheets (D group), or trypsinized and suspended as
single cells (T group). Trypsinized cells, lacking both cell-substrate and cell-cell contact, exhibited significantly increased apoptosis after one day post
treatment. (B) The general caspase inhibitor Z-VAD-FMK (ZVAD) significantly reduced apoptosis in trypsinized single cells. Keratinocytes were
grouped into three broad groups: untreated controls (C group, lane 1–3), dispase-lifted and suspended as sheets for one day (D group, lane 4–6), and
trypsinized and suspended as single cells for one day (T group, lane 7–9). DMSO was used as a vehicle control. ** p,0.01.
doi:10.1371/journal.pone.0027064.g003
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tion with CMV-driven plakoglobin led to an increase in
plakoglobin level (111.0% for CMV-driven plakoglobin alone,
117.3% for CMV-driven plakoglobin vector and negative control
vector co-transfection, p.0.05 versus untreated control for both
cases). Co-transfection with siRNA for plakoglobin and the CMV-
driven plakoglobin vector resulted in a significant increase in
plakoglobin level compared to transfection with siRNA alone
(63.8% for CMV-driven plakoglobin and plakoglobin siRNA co-
transfection, p,0.01 versus untreated plakoglobin siRNA alone).
However, co-transfection still exhibited decreased plakoglobin
level compared to untreated controls (p,0.01), likely due to the
overpowering nature of the siRNA.
Next, we assessed the effects of plakoglobin on the apoptotic
rate of cells transfected with siRNA for plakoglobin, the negative
control vector, the CMV-driven plakoglobin vector, or combina-
tions thereof. Cells were trypsinized four days post transfection,
then suspended for an additional day. As shown in Figure 5F,
there was a significant decrease in the percentage of cells
undergoing apoptosis in the cells suppressing plakoglobin,
suggesting that even partial inhibition of plakoglobin is sufficient
to rescue approximately half the cells (48.2% apoptosis for
untreated control, 24.3% apoptosis for plakoglobin siRNA
knockdown, p,0.0005). The percentage of cells undergoing
apoptosis in the cells transfected with the negative control siRNA
(45.2%) was similar to the untreated control (p.0.05). Transfec-
tion with CMV-driven plakoglobin led to a marginal increase in
cell death (61.1% apoptosis for CMV-driven plakoglobin alone,
60.6% apoptosis for CMV-driven plakoglobin vector and negative
control vector co-transfection, p.0.05 versus untreated control for
both cases). Co-transfection with siRNA for plakoglobin and the
CMV-driven plakoglobin vector resulted in a significant increase
in apoptosis rate compared to transfection with siRNA alone
(36.2% apoptosis for CMV-driven plakoglobin and plakoglobin
siRNA co-transfection, p,0.05 versus untreated plakoglobin
siRNA alone). However, co-transfection still exhibited decreased
apoptotic rate compared to untreated controls (p,0.05), likely
due to the overpowering nature of the siRNA. The changes in
apoptosis rate are well correlated with the relative expression level
of plakoglobin showed in Figure 5D and E. These apoptosis
Figure 4. Plakoglobin translocates to the cytoplasm and nucleus after loss of cell–cell contact. (A) Plakoglobin localization was assessed
using confocal fluorescence microscopy. Keratinocytes were either untreated (C0), treated with dispase and suspended as cell sheet for zero or one
days (D0 and D1) or trypsinized and suspended as single cells for zero or one day (T0 and T1). Shown are images of bright field (left panels),
plakoglobin stain (second left panels), nuclear stain (second right panels), and plakoglobin merged with nuclear stain (right panels) in untreated
control cells (top row), dispase-lifted cell sheet (second and third rows), trypsinized cells (fourth and fifth rows). Plakoglobin was shown
predominantly localized to cell junctions in control cells (C0) and the floating cell sheets (D0 and D1). In contrast, plakoglobin exhibited a more
diffuse localization into the cytoplasm once cell-cell adhesion was lost (T0), and translocated significantly into the nuclei at one day post
trypsinization (T1). Red: plakoglobin (PG), Blue: nucleus. Scale bar: 5 um. (B) Quantification of the percentage of plakoglobin in nuclei, showing
elevated nuclear plakoglobin in cells trypsinized for one day. ** p,0.01. (C) Western blot analysis of dispase-lifted and suspended cell sheets shows
plakoglobin level increases significantly from zero to one day post dispase-lifting, but not from one to two days post dispase-lifting. GAPDH was used
as a loading control.
doi:10.1371/journal.pone.0027064.g004
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plakoglobin (data not shown), with similar results.
Discussion
Cell apoptosis is induced by trypsinization, but not dispase-
lifting, suggesting that cell-substrate interactions, and spreading of
cells, are not the ultimate regulators of cell viability. Further,
cohesive cell sheets lacking adhesive substrates maintain or
reinforce the junctional localization of actin and plakoglobin.
Suppression of endogenous plakoglobin protected cells from
trypsinization-induced apoptosis, suggesting that plakoglobin
deficiency reduces cell susceptibility to apoptosis.
Cell-matrix interactions have been widely used as a standard
model system for studying cellular adhesion. Cell attachment and
spreading on the extracellular matrix (ECM) through integrins and
focal adhesions were found to govern cell vitality [8,15,16,17]. We
show that in the absence of cell-ECM/substrate interactions and
active spreading, intercellular junctions become a major control
mechanism. One possible reason that cell junctions are so
important is that junctions are vital information processing centers
where clustered molecules can exchange biochemical and
Figure 5. Plakoglobin is a key regulator of the apoptotic pathway. (A) Immunofluorescent images of untreated control (left) and plakoglobin
knockdown four days after transfection with siRNA (right). Green: plakoglobin, Red: Nucleus. Scale bar: 10 um. (B) Quantification of relative
plakoglobin levels based on fluorescence images. The y axis represents relative plakoglobin intensity, with values normalized to the untreated
control. (C) Quantification of the strength of cell sheet transfected with siRNA for plakoglobin (PG siRNA KD) and a negative control (Neg control). Cell
sheets were dispase-lifted four days after transfection. The y axis represents relative time to sheet disruption, i.e. sheet strength, with values
normalized to the untreated control. (D) Western blot analysis of plakoglobin four days after transfection with or without siRNA for plakoglobin (PG
siRNA KD), a negative control (N), or plakoglobin overexpression (Overexpression). GAPDH was used as a loading control. (E) Quantification of relative
plakoglobin level in each western blot lane. The y axis represents relative plakoglobin intensity, with values normalized to the untreated control.
(F) Apoptosis rate of cells transfected with siRNA for plakoglobin, negative control (N), or plakoglobin overexpression vector. Cells were trypsinized
four days after transfection, and then suspended for one day, after which the TUNEL assay was performed. * p,0.05 and ** p,0.01.
doi:10.1371/journal.pone.0027064.g005
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regulatory and signaling molecules connect and communicate
along the integrated adhesion site-cytoskeleton networks, individ-
ual cells may contribute to tissue-wide decision-making by
becoming part of a ‘global’ network, even if there is no ECM.
Most, if not all, adhesion sites likely contribute to cell regulation.
Provided that properly organized cytoskeleton networks form and
are anchored at adhesion sites, either cell-ECM adhesion or cell-
cell adhesion is sufficient to maintain cell viability. Isolated cells
resulting from trypsinization and cells that were allowed to attach,
but prohibited from spreading via micropatterned islands,[8]
induced apoptosis. In both cases, cell spreading is highly restricted
or nonexistent, and the cytoskeleton is likely disorganized, which
render the cell vulnerable. In the case of the dispase-lifted cell
sheet, cell spreading is also highly restricted, and a significant part
of the internal cytoskeleton is disrupted, but the death rate is
extremely low. Thus, we suggest that it is not cell spreading itself,
but organized adhesion site-cytoskeleton organization that controls
cell life and death.
There is emerging evidence that plakoglobin may participate in
the Wnt/LEF/TCF signaling pathway [18,19,20]. Plakoglobin
has the capacity to translocate to the nucleus and regulate Wnt
signaling by competing with b-catenin, affecting b--catenin
localization, accumulation and/or function [21,22]. Given the
relative ubiquity of plakoglobin in a broad variety of tissues, it is
likely that our conclusion that cell junctions are key to cell fate
regulation can be generalized to all contacting cells in multicellular
organisms, with perhaps different junctional proteins participating
in those tissues lacking plakoglobin. Indeed, it is possible that other
junctional proteins, including other desmosomal proteins, may
participate in similar, perhaps overlapping, regulatory pathways.
We note that this study focuses on keratinocytes, but since
keratinocytes are normally adherent, our results are likely general,
and we have preliminary evidence that other cell types exhibit
similar behavior. Additionally, other studies are consistent with
these results.
Almost all tumor cells tumor cells originate in the epithelium
and metastasize as single cells [23]. The vast majority of tumor
cells that make their way into bloodstream die off quickly, usually
within a few hours of leaving the tumor [23]. Expression levels of
plakoglobin is often reduced or absent in invasive cancer cells
[24,25,26,27,28,29], which likely result in weakened cell-cell
adhesion and enhanced migratory capacity [6,12]. However, we
show here that plakoglobin may have a more vital role – cells that
detach and enter the bloodstream with reduced plakoglobin may
be protected from apoptotic effects, and thus lead to enhanced
metastatic capabilities. Our findings could provide an additional
mechanism underlying the poorer prognosis associated with
tumors expressing diminished plakoglobin [30,31,32,33].
Many adhesion defect diseases, such as pemphigus vulgaris (PV)
and arrhythmogenic right ventricular cardiomyopathy (ARVC)
are thought to be caused in part by alterations in cell junctions.
The mechanisms behind these diseases are a source of active
investigation but may rely on the fact that diminished cell-cell
adhesion leads to increased susceptibility of cell separation, lead-
ing to altered junctional protein localization and possibly the
engagement of apoptotic pathways. For example, models of
ARVC have been shown to exhibit nuclear plakoglobin localiza-
tion, increased apoptosis and altered cell-cell adhesion [9,13].
Thus we show here a unifying mechanism for this class of disease,
which may eventually be expanded to include muscular dystrophy
and other adhesion defect conditions.
Tissue formation depends critically on the ability of cells to form
specific contacts with each other [1]. During development, cell-cell
interactions are likely far more important than cell-substrate
interactions, given the relatively isolated environment of the
embryo. In fact, culturing stem cells to induce specific differen-
tiation sometimes requires using a hanging drop method, both to
eliminate a hard adhesive substrate and to provide a more three-
dimensional environment for differentiation [34]. Understanding
the mechanism underlying cell-cell interactions is vital, but
difficult, due to the intricacies working with suspended cell masses.
Our study represents an important first step towards explaining
how cells communicate in a more realistic environment compared
to the commonly used in vitro tools. As such, this approach may be
a useful supplement to the growing work in developing three-
dimensional scaffolds using novel materials.
This study demonstrates that cell junctions are a fundamental
control mechanism in governing cell life and that junctional
protein plakoglobin is a key regulator of this process. These
findings could have significant implications for understanding cell
adhesion, modeling disease progression, developing therapeutics
and improving the viability of tissue engineering protocols.
Materials and Methods
Cell culture and reagents
Immortalized human keratinocytes were maintained as de-
scribed elsewhere [35,36]. Briefly, cells were expanded and
propagated in keratinocyte serum-free media (abbreviated ker-
sfm, media and supplements from Invitrogen, Carlsbad, CA,
unless otherwise stated), supplemented with rEGF (0.2 ng/ml) and
BPE (25 mg/ml), CaCl2 (Sigma, St.Louis, MO, 0.4mM), and
penicillin/streptomycin. To grow cells to high confluency, cells
were switched to a medium consisting of a 1:1 mixture of ker-sfm
and a medium DF-K, the latter consisting of a 1:1 mixture of
DMEM and Ham’s F-12, supplemented with rEGF (0.2 ng/ml)
and BPE (25 mg/ml), L-glutamine (1.5 mM) and penicillin/
streptomycin.
Antibodies and reagents
Unless otherwise noted, reagents were purchased from Invitro-
gen (Carlsbad, CA). The primary mouse monoclonal antibodies
anti-plakoglobin (c-Catenin) and anti-GAPDH (Novus Biologicals)
were used for immunoblotting. Immunofluorescence staining was
performed using the anti-plakoglobin antibody as the primary and
Alexa Fluor 594 goat anti-mouse IgG as the secondary antibody.
Alexa Fluor 488 conjugated phalloidin at a concentration of 0.5
ug/ml was used for the actin stain. CellTracker Green CMFDA
dye was used at a concentration of 10 mM. Hoechst was used at a
concentration of 0.5 mg/ml for nuclear staining. Trypsin-EDTA
(0.05% concentration) and 2.4 units/ml dispase in Hanks Balanced
Salt Solution was used for cell treatments.
Fluorescence microscopy
Cells were fixed in 4% paraformaldehyde (Sigma) and then
permeabilized with 0.1% triton-X-100 (Sigma). Cells were then
incubated in the primary antibody or the phalloidin, CellTracker
Green (CTGreen) and Hoechst label for an hour, followed by PBS
washes and then, for samples tagged with a primary antibody, a
secondary antibody incubation for another hour, washed again
and then imaged.
Microscopy was performed at room temperature using an
Olympus IX-81 inverted fluorescence microscope and images
were acquired using an Olympus UPlanFL 10x NA 0.13 and
Olympus LCPlanFL 40x NA 0.60 objective lens, and an Orca
CCD (Hamamatsu, Bridgewater, NJ, model C10600) camera
using MetaMorph Software. Additional images were acquired
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OPLFLN 40X O NA 1.3 objective len, and Olympus FV10-ABW
Software. Images were processed using ImageJ (version 1.43u for
Windows; National Institutes of Health) and scaled down in
Photoshop (Adobe) to prepare the final figures. Images were
brightness/contrast enhanced and fluorescent colors were added
for clarity. Relative nuclear and overall plakoglobin intensities
were quantified by ImageJ, with values normalized to the signal
(100%) at untreated control. Imaging conditions were taken
identical and analyses were done in the raw fluorescence images.
Assessment of apoptosis using a TUNEL assay
Keratinocytes were grown to full confluency in 35 mm culture
dishes, and then were grouped into three conditions: (1) untreated
controls, which were cultured in ker-sfm media, (2) trypsinized,
which were treated with a Trypsin-EDTA solution, suspended in
ker-sfm media and transferred to 35 mm suspension culture dishes,
or (3) dispase-lifted, which were treated with dispase, resuspended
in ker-sfm medium and transferred to 35 mm suspension culture
dish as an intact cell sheet. An in situ cell death detection kit (Roche
Diagnostics, Basel, Switzerland) that measures TdT-mediated
dUTP nick end labeling (TUNEL) was used in the apoptosis assays
according to the manufacturer’s instructions.
Dispase-based cell sheet lifting assay
A dispase-based lifting assay was performed to test cell sheet,
and thus cell-cell adhesive, strength, adapted from similar
protocols [11,12,13,14]. Cells grown to full confluence in 35 mm
culture dishes were treated with dispase until the monolayer lifted
from the dish as an intact cell sheet. The cell sheets were then
suspended in ker-sfm media for zero, one or two days prior to the
lifting assay. Cell sheets were carefully transferred to 50 ml tubes
containing 6ml of ker-sfm media, then vortexed at a fixed setting at
10 second intervals. The earliest time for which the cell sheet was
completely disrupted, as assessed visually, was recorded for each
sheet. Please refer to published protocols [11,12,13,14] for more
technical details. Digital images were captured at room temper-
ature with a Canon PowerShot SD1100 IS.
Caspase inhibition assay
To determine whether the apoptosis is caspase-dependent, cells
were treated with a general caspase inhibitor Z-VAD-FMK at a
final concentration of 20 um (BD Pharmingen, San Diego, CA).
Keratinocytes were grown to full confluency in 35 mm culture
dishes,and then weregroupedinto three conditions: controls,which
were cultured in ker-sfm media, dispase-lifted, which were cells
suspended as an intact cell sheet, and trypsinized, which were
treated with a Trypsin-EDTA solution, suspended in ker-sfm media
and transferred to 35 mm suspension culture dishes. DMSO was
used as a vehicle control. The TUNEL assay was used to determine
the apoptosis rate according to the manufacturer’s instructions.
siRNA knockdown and plasmid overexpression of
plakoglobin
Two SilencerH Pre-designed siRNA for plakoglobin (first
siRNA sequence59-39: GGGCAUCAUGGAGGAGGAUtt;second
siRNA sequence 59-39: CCAUCGGCUUGAUCAGGAAtt), a
negative control siRNA (Invitrogen) and an overexpression vector
pCMV6-XL5 (OriGene, Rockville MD) were used to assess the
effects of inhibition and overexpression of plakoglobin on cell
survival. Cells were transfected with siRNA using Lipofectamine
2000 (Invitrogen), according to the manufacturer’s suggestions.
Transfection was performed using 100 pmol siRNA oligomer or 100
pmol DNA plasmid and 6 ul Lipofectamine 2000 for each sample
in a 35 mm dish. Other size formats were scaled up or down
accordingly. Cells were lysed and analyzed for plakoglobin by
immunoblotting four days after transfection. Alternatively, cells were
trypsinized 4 days after transfection, then suspended in ker-sfm
media in 35 mm suspension culture dishes for one additional day,
afterwhichthe apoptosisrateoftransfectedcellswereanalyzedusing
the TUNEL assay as described.
Immunoblotting
Total protein concentration was determined by Bradford assay
(Sigma). Soluble fractions containing equal amounts of total
protein were separated using SDS polyacrylamide gel electropho-
resis and transferred onto PVDF membranes (Millipore, Billerica,
MA). Immunoblotting was performed using mouse anti-human
antibodies diluted in TBS with 1% w/v BSA and 0.1% v/v
Tween-20 (Sigma) at the following dilutions: anti-Plakoglobin
1:2000, anti-GAPDH 1:1,000, and horseradish peroxidase conju-
gated goat anti-mouse secondary antibody 1:1,000. Blots were
developed with ECL reagents (Perkin Elmer, Waltham, MA) and
imaged using a FUJI imaging unit (Fujifilm, Stamford, CT).
Relative plakoglobin intensity in immunoblotting images was
quantified by ImageJ, with values normalized to GAPDH of each
matching blot lane and the signal (100%) at untreated control.
Statistical analysis
Data are expressed as the mean 6 SD. Differences among more
than 2 groups were compared by ANOVA and Tukey’s post-test
as appropriate. A value of p,0.05 was considered significant, with
each group having sample sizes n $3.
Supporting Information
Figure S1 CellTracker Green doesn’t translocate to the
nucleus after loss of cell–cell contact. (A) CellTracker Green
(CTGreen) localization was assessed using confocal fluorescence
microscopy. Keratinocytes were either untreated (C0), treated with
dispase and suspended as cell sheet for zero or one days (D0 and
D1) or trypsinized and suspended as single cells for zero or one day
(T0 and T1). Shown are images of bright field (left panels),
CTGreen stain (second left panels), nuclear stain (second right
panels) and CTGreen merged with nuclear stain (right panels) in
control cells (top row), dispase-lifted cell sheet (second and third
rows), trypsinized cells (fourth and fifth rows). Green: CTGreen,
Blue: nucleus. Scale bar: 5 mm. (B) Quantification of the
percentage of CTGreen in nuclei, showing no significant
difference of nuclear CTGreen among the groups.
(TIF)
Author Contributions
Conceived and designed the experiments: QW VH HH. Performed the
experiments: QW VH. Analyzed the data: QW. Contributed reagents/
materials/analysis tools: HH. Wrote the paper: QW VH HH.
References
1. Franke WW (2009) Discovering the molecular components of intercellular
junctions--a historical view. Cold Spring Harb Perspect Biol 1: a003061.
2. Green KJ, Getsios S, Troyanovsky S, Godsel LM (2010) Intercellular junction
assembly, dynamics, and homeostasis. Cold Spring Harb Perspect Biol 2: a000125.
3. Maniotis AJ, Chen CS, Ingber DE (1997) Demonstration of mecha-
nical connections between integrins, cytoskeletal filaments, and nucleo-
plasm that stabilize nuclear structure. Proc Natl Acad Sci U S A 94:
849–854.
Cell-Cell Contact Preserves Cell Viability
PLoS ONE | www.plosone.org 8 October 2011 | Volume 6 | Issue 10 | e270644. Geiger B, Bershadsky A (2002) Exploring the neighborhood: adhesion-coupled
cell mechanosensors. Cell 110: 139–142.
5. Matthews BD, Overby DR, Mannix R, Ingber DE (2006) Cellular adaptation to
mechanical stress: role of integrins, Rho, cytoskeletal tension and mechan-
osensitive ion channels. J Cell Sci 119: 508–518.
6. Huang H, Cruz F, Bazzoni G (2006) Junctional adhesion molecule-A regulates
cell migration and resistance to shear stress. J Cell Physiol 209: 122–130.
7. Mannix RJ, Kumar S, Cassiola F, Montoya-Zavala M, Feinstein E, et al. (2008)
Nanomagnetic actuation of receptor-mediated signal transduction. Nat Nano-
technol 3: 36–40.
8. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE (1997) Geometric
control of cell life and death. Science 276: 1425–1428.
9. Garcia-Gras E, Lombardi R, Giocondo MJ, Willerson JT, Schneider MD, et al.
(2006) Suppression of canonical Wnt/beta-catenin signaling by nuclear
plakoglobin recapitulates phenotype of arrhythmogenic right ventricular
cardiomyopathy. J Clin Invest 116: 2012–2021.
10. Li D, Zhou J, Wang L, Shin ME, Su P, et al. (2010) Integrated biochemical and
mechanical signals regulate multifaceted human embryonic stem cell functions.
J Cell Biol 191: 631–644.
11. Calautti E, Cabodi S, Stein PL, Hatzfeld M, Kedersha N, et al. (1998) Tyrosine
phosphorylation and src family kinases control keratinocyte cell-cell adhesion.
J Cell Biol 141: 1449–1465.
12. Yin T, Getsios S, Caldelari R, Kowalczyk AP, Muller EJ, et al. (2005)
Plakoglobin suppresses keratinocyte motility through both cell-cell adhesion-
dependent and -independent mechanisms. Proc Natl Acad Sci U S A 102:
5420–5425.
13. Huang H, Asimaki A, Lo D, McKenna W, Saffitz J (2008) Disparate effects of
different mutations in plakoglobin on cell mechanical behavior. Cell Motil
Cytoskeleton 65: 964–978.
14. Huen AC, Park JK, Godsel LM, Chen X, Bannon LJ, et al. (2002) Intermediate
filament-membrane attachments function synergistically with actin-dependent
contacts to regulate intercellular adhesive strength. J Cell Biol 159: 1005–1017.
15. Ingber DE, Folkman J (1989) Mechanochemical switching between growth and
differentiation during fibroblast growth factor-stimulated angiogenesis in vitro:
role of extracellular matrix. J Cell Biol 109: 317–330.
16. Gallant ND, Michael KE, Garcia AJ (2005) Cell adhesion strengthening:
contributions of adhesive area, integrin binding, and focal adhesion assembly.
Mol Biol Cell 16: 4329–4340.
17. Ingber DE (2008) Tensegrity-based mechanosensing from macro to micro. Prog
Biophys Mol Biol 97: 163–179.
18. Caca K, Kolligs FT, Ji X, Hayes M, Qian J, et al. (1999) Beta- and gamma-
catenin mutations, but not E-cadherin inactivation, underlie T-cell factor/
lymphoid enhancer factor transcriptional deregulation in gastric and pancreatic
cancer. Cell Growth Differ 10: 369–376.
19. Kolligs FT, Kolligs B, Hajra KM, Hu G, Tani M, et al. (2000) gamma-catenin is
regulated by the APC tumor suppressor and its oncogenic activity is distinct from
that of beta-catenin. Genes Dev 14: 1319–1331.
20. Williams BO, Barish GD, Klymkowsky MW, Varmus HE (2000) A comparative
evaluation of beta-catenin and plakoglobin signaling activity. Oncogene 19:
5720–5728.
21. Zhurinsky J, Shtutman M, Ben-Ze’ev A (2000) Differential mechanisms of LEF/
TCF family-dependent transcriptional activation by beta-catenin and plakoglo-
bin. Mol Cell Biol 20: 4238–4252.
22. Maeda O, Usami N, Kondo M, Takahashi M, Goto H, et al. (2004) Plakoglobin
(gamma-catenin) has TCF/LEF family-dependent transcriptional activity in
beta-catenin-deficient cell line. Oncogene 23: 964–972.
23. Condeelis J, Segall JE (2003) Intravital imaging of cell movement in tumours.
Nat Rev Cancer 3: 921–930.
24. Sommers CL, Gelmann EP, Kemler R, Cowin P, Byers SW (1994) Alterations in
beta-catenin phosphorylation and plakoglobin expression in human breast
cancer cells. Cancer Res 54: 3544–3552.
25. Aberle H, Bierkamp C, Torchard D, Serova O, Wagner T, et al. (1995) The
human plakoglobin gene localizes on chromosome 17q21 and is subjected to loss
of heterozygosity in breast and ovarian cancers. Proc Natl Acad Sci U S A 92:
6384–6388.
26. Simcha I, Geiger B, Yehuda-Levenberg S, Salomon D, Ben-Ze’ev A (1996)
Suppression of tumorigenicity by plakoglobin: an augmenting effect of N-
cadherin. J Cell Biol 133: 199–209.
27. Denk C, Hulsken J, Schwarz E (1997) Reduced gene expression of E-cadherin
and associated catenins in human cervical carcinoma cell lines. Cancer Lett 120:
185–193.
28. Giroldi LA, Bringuier PP, Shimazui T, Jansen K, Schalken JA (1999) Changes
in cadherin-catenin complexes in the progression of human bladder carcinoma.
Int J Cancer 82: 70–76.
29. Winn RA, Bremnes RM, Bemis L, Franklin WA, Miller YE, et al. (2002)
gamma-Catenin expression is reduced or absent in a subset of human lung
cancers and re-expression inhibits transformed cell growth. Oncogene 21:
7497–7506.
30. Pantel K, Passlick B, Vogt J, Stosiek P, Angstwurm M, et al. (1998) Reduced
expression of plakoglobin indicates an unfavorable prognosis in subsets of
patients with non-small-cell lung cancer. J Clin Oncol 16: 1407–1413.
31. Kanazawa Y, Ueda Y, Shimasaki M, Katsuda S, Yamamoto N, et al. (2008)
Down-regulation of plakoglobin in soft tissue sarcoma is associated with a higher
risk of pulmonary metastasis. Anticancer Res 28: 655–664.
32. Narkio-Makela M, Pukkila M, Lagerstedt E, Virtaniemi J, Pirinen R, et al.
(2009) Reduced gamma-catenin expression and poor survival in oral squamous
cell carcinoma. Arch Otolaryngol Head Neck Surg 135: 1035–1040.
33. Aktary Z, Chapman K, Lam L, Lo A, Ji C, et al. (2010) Plakoglobin interacts
with and increases the protein levels of metastasis suppressor Nm23-H2 and
regulates the expression of Nm23-H1. Oncogene 29: 2118–2129.
34. Kurosawa H (2007) Methods for inducing embryoid body formation: in vitro
differentiation system of embryonic stem cells. J Biosci Bioeng 103: 389–398.
35. Dickson MA, Hahn WC, Ino Y, Ronfard V, Wu JY, et al. (2000) Human
keratinocytes that express hTERT and also bypass a p16(INK4a)-enforced
mechanism that limits life span become immortal yet retain normal growth and
differentiation characteristics. Mol Cell Biol 20: 1436–1447.
36. Rheinwald JG, Hahn WC, Ramsey MR, Wu JY, Guo Z, et al. (2002) A two-
stage, p16(INK4A)- and p53-dependent keratinocyte senescence mechanism that
limits replicative potential independent of telomere status. Mol Cell Biol 22:
5157–5172.
Cell-Cell Contact Preserves Cell Viability
PLoS ONE | www.plosone.org 9 October 2011 | Volume 6 | Issue 10 | e27064